I. INTRODUCTION
O PTICAL TRANSPORT CAPACITIES have been growing significantly in the last few years following the explosive demand for high bandwidth Internet services. The data transmission rates are now moving from 10 Gb/s to 40 Gb/s and 100 Gb/s on a wavelength (optical channel) and wavelengths are more densely spaced. The optical WDM (Wavelength Division Multiplexing) transmission systems is evolving from closed systems to open systems, where the optical layer is designed in a way that allows new transmitters and receivers to be connected to it without requiring changes to the physical layer not to the planning and management tools that are needed to operate it. [1] , [2] . Nowdays, the single WDM transmission system must be able to transmitted different optical signal modulation formats and different bit rates [3] , [4] . One of the most important issues for the design of the current and future WDM systems is relationship between transmitted signal modulation format, bit rate, optical channel spacing and parameters of multiplexer and demultiplexer filter [5] . In this paper, we present a numerical simulation of the impact of transmitted optical signal parameters and parameters of multiplexer and demultiplexer filter on WDM channels crosstalk. The simulation setup is focused on optical transmission system with 10 Gb/s, 40 Gb/s or 100 Gb/s optical channels. The following signal modulation formats are taken into account: DPSK (Differential Phase Shift Keying), DQPSK (Differential Quadrature Phase Shift Keying) and OOK (Onoff Keying) [6] .
II. NUMERICAL SIMULATIONS
The simulation setup is shown in Fig. 1 . The simulated setup consists of: 4 transmitters, multiplexer 4 × 1, demultiplexer 1 × 4 and fiber optics link SSMF (Standard Single Mode Fiber). In the system setup 4 channels were used, which were separated with 50 GHz channel spacing. The channel frequencies were selected according to ITU-T G.694.1 recommendation (193.05 THz, 193.10 THz, 193.15 THz, 193 .20 THz) [7] . The 3 dB bandwidth of the multiplexer and demultiplexer filter varied between 20 GHz and 60 GHz for all tested modulations and bit rates. There were considered two shapes of filter transfer function: gaussian and rectangular. 
III. NUMERICAL RESULTS
Figs. 2-15 show the results for case 1 (symmetric transmission). Here, transmitted signals had the same bit rate for each channel.
Simulations were performed for the WDM system shown in Fig. 1 .
From Figs. 2, 6, 10 it can be concluded that level of crosstalk depends largely on bit rate in channel. This is because of the fact that for higher bit rate spectrum becomes wider. Obtaining 10 Gbit/s required filter bandwidth of approximately 55 GHz for all tested modulation. For 40 Gbit/s it was necessary to use narrower filter bandwidth. In case of DPSK modulation and bit rate 100 Gbit/s acceptable level of crosstalk was achieved for around 40 GHz of filter bandwidth. For 50 GHz crosstalk amounted -8dB. Under the same conditions, for DQSPK modulation, achieved result was -10 dB. From the graph shown in the figure 10 (OOK modulation) can be read that for 50 GHz we obtained -15 dB. In all cases, the use of a filter with a bandwidth of 60 GHz, was resulting in the occurrence of excessive crosstalk. Only the filter bandwidth below 40 GHz signal transmission allowed rates of 100 Gbit/s. This research proved that for symmetric transmission the best results were obtained for OOK modulation. The simulation and analysis of the results showed that in most cases DQPSK modulation was better than DPSK modulation in terms of crosstalk occurring during the transmission of signals in WDM networks. This is mainly due to the fact that at the same bit rate DQPSK modulation has two times narrower bandwidth. Narrow-band filtering allowed crosstalk to be at the acceptable level (-20 Fig. 10 . Crosstalk values versus demultiplexer and multiplexer filter bandwidth for OOK modulation, second order gaussian filter and different bit rates. dB) [8] . Simulation has also shown that the maintenance of the acceptable transmission quality for filters with a width greater than 40 GHz requires employment of 100 GHz channel spacing. For rectangular filter it was shown that stopband attenuation might play significant role in obtaining acceptable crosstalk as well. The best results were achieved for stopband attenuation equal to 70 dB. With the decrease of stopband attenuation the increase of crosstalk level was observed. It means that the highest level of crosstalk was obtained in Fig. 13 . Crosstalk values versus demultiplexer and multiplexer filter bandwidth for OOK modulation, 10 Gb/s bit rate and different types of filters: second order gaussian filter and rectangular filter with stopband attenuation 30 dB. case of 20 dB stopband attenuation for all modulations. For gaussian filters of 4 th -6 th order there were achieved the best results. In case of filters 1 st -3 rd order level of crosstalk was excessively high. This is because the lower order transfer functions have much gentler slopes, which contributes to the higher power signal outside the desired band of gaussian filter. In case of higher order filters slopes are steeper. This is the reason why signal power is better attenuated between two channels. Therefore, each channel is properly separated Fig. 16 . Crosstalk values versus demultiplexer and multiplexer filter bandwidth for DPSK modulation, second order gaussian filter and different configuration of bit rates in adjacent channels. nd order gaussian filter. In this case a better solution was the rectangular filter, for which obtained level of crosstalk was lower than in case of a gaussian filter. For example for 50 GHz bandwidth of gaussian filter, crosstalk was about -23 dB and for the rectangular was around 15 dB lower. Fig. 19 . Crosstalk values versus demultiplexer and multiplexer filter bandwidth for different types of modulation, second order gaussian filter and bit rate 10 Gb/s in tested channel and 100 Gb/s for adjacent channels. Only for narrow-band filtering the situation was different and rectangular filter had worse results. For DQPSK modulation plots look slightly different (Fig. 9) . The experimental results were much better in case of use of gaussian filter than the rectangular. Only filter bandwidth of 60 GHz for rectangular characteristic of filter turned out to be better. Below this value, the level of crosstalk for the 2 nd order gaussian filter decreased significantly and at 20 GHz band of the filter is less than -100 dB. For OOK modulation the best results were achieved for gaussian filter as well. Figs. 16-19 show the results for case 2 (asymmetric transmission). In the channel, which was considered for calculating crosstalk, the bit rate was 10 Gb/s, while in the adjacent channels signals were transmitted with 40 Gb/s or 100 Gb/s. There was also used 2 nd order gaussian filter in simulation setup. Tab. I presents configuration of channels used for asymmetric transmission. Simulations were performed for the WDM system shown in Fig. 1 .
The dependency presented in the Figs. 13-16 indicates an increase in level of crosstalk with the transmission at higher bit rate in adjacent channels. As expected the lowest crosstalk was obtained for bit rate of 40 Gbit/s in channel 1 and 10 Gbit/s in channel 3 and the transmission of 100 Gbit/s on both adjacent channels resulted in the occurrence of the highest crosstalk. For DQPSK modulation level of crosstalk was slightly lower than for DPSK. For 50 GHz (de)multiplexer filter bandwidth and transmission in channels 1-40 Gbit/s, 2-10 Gbit/s and 3-40 Gbit/s, the level of crosstalk was equal to -18 dB. This value was obtained for DPSK modulation with (de)multiplexer bandwidth of 45 GHz. It means that receiving the same results for DPSK modulation requires narrower bandwidth of filter. In case of OOK modulation, the obtained results show improvement over previous tested modulations. Figure 19 illustrates comparison of the level of crosstalk for asymmetric transmission for the three tested modulations. In this situation for 40 GHz of the filter bandwidth of (de)multiplexer, bit rate 10 Gbit/s, transmission of 100 Gbit/s in adjacent channels and OOK modulation data transfer was possible -the level of crosstalk was around -25 dB. Under the same conditions for DPSK and DQPSK modulation, crosstalk was -20 dB. So for asymmetric transmission level of crosstalk is the lowest for OOK modulation. It can also be concluded that acceptable crosstalk is achieved for transmission 100 Gb/s in adjacent channels only with the narrow-band filtering (30 GHz filter bandwidth). For lower bit rates bandwidth of 40 GHz-50 GHz is sufficient for all modulations.
IV. CONCLUSION
The obtained results indicate that for asymmetric and symmetric transmission the best results were obtained for OOK modulation. The simulation and analysis of the results showed that in most cases DQPSK modulation is better than DPSK modulation in terms of crosstalk occurring during the transmission of signals in WDM networks. It was also proved that for DPSK modulation there can be achieved better results for rectangular filter. In case of DQPSK and OOK modulation gaussian filter turned out to be better choice. Another drawn conclusion is that narrow-band filtering plays significant role in obtaining allowable level of crosstalk. Improvement of results may also be achieved by increasing the channel spacing from 50 GHz to 100 GHz.
